SUMMARY This study was designed to examine the relationship between epicardial ST change (EpST) and regional myocardial blood flow (RMBF) following coronary occlusion and extent of myocardial infarction (MI) logic sections determined 6 days after occlusion at which time intact and infarcted myocardium were sharply delineated. Epicardial ST changes were also related to simultaneous measurement of regional myocardial blood flow using radioisotope labeled microspheres. Studies were carried out in chronically prepared awake dogs to avoid the variables introduced by anesthesia and acute surgery.
EPICARDIAL ST-SEGMENT CHANGES are widely used as an index of myocardial injury resulting from ischemia in experimental animals.' 6 Numerous investigators have reported that the extent and magnitude of epicardial ST elevation early after initiation of ischemia reliably indicate the degree of ischemic injury and predict the extent of subsequent infarction in the tissue underlying the electrode.' These studies were performed in anesthetized animals and myocardial infarction was determined in transmural biopsies by measuring myocardial creatine phosphokinase (CPK) depletion and evidence of early histologic injury 24 hours after occlusion. Similar quantitative relationships have been reported between ST changes from intramyocardial electrodes and CPK depletion at 24 hours in chronically prepared dogs.7`"0 Other observers have indicated that there is not a close relationship between epicardial ST elevation and certain indices of myocardial injury." '1-6 The present study was designed to evaluate further the relationship between epicardial ST segment changes measured 15 However, 15 min after occlusion 29% of sites with greater than 50% MI and 39% of sites with greater than 50% reduction in RMBF did not demonstrate ST elevation greater than 2 mV. There were poor correlations between EpST and MI (r = 0.59) and RMBF (r = 0.57). Comparable relationships were observed two hr after occlusion. In the present study, there were not close quantitative or qualitative relationships between EpST and MI or RMBF. A good correlation was observed between RMBF at two hr and MI (r = 0.89). logic sections determined 6 days after occlusion at which time intact and infarcted myocardium were sharply delineated. Epicardial ST changes were also related to simultaneous measurement of regional myocardial blood flow using radioisotope labeled microspheres. Studies were carried out in chronically prepared awake dogs to avoid the variables introduced by anesthesia and acute surgery.
Methods
Seventeen adult mongrel dogs of both sexes weighing [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] kg were studied. They were anesthetized with sodium thiamylal (30-40 mg/kg, i.v.) and ventilated with a respirator (Harvard model 607). The heart was exposed through a left thoracotomy at the fourth intercostal space. Polyvinyl chloride catheters with outer diameters of 3 mm were introduced into the aortic arch via the left internal mammary artery and into the left atrium via the atrial appendage. Both VoX 55, No 6, JUNE 1977 within and some clearly outside of the area supplied by the artery to be occluded ( fig. 1 ). The catheters, occluder, and electrode wires were tunneled to a subcutaneous pouch. The chest was closed and the dogs were allowed to recover from surgery.
Studies were performed 6-8 days postoperatively at which time the dogs had fully recovered and had no evidence of infection. Mean hematocrit was 44 (range 39-50). Morphine sulfate (10 mg, i.m.) was given 1 hour before the study for mild sedation. Local anesthesia with 2% lidocaine was used when the catheters, occluder, and electrode wires from the subcutaneous pouch were brought to the exterior surface.
Studies were performed in a quiet, dimly illuminated laboratory with the dogs awake, loosely restrained, and resting quietly on their right sides. Standard lead I of the electrocardiogram was recorded. Phasic and mean aortic and left atrial blood pressures were measured with pressure transducers (Statham model P23Db). Epicardial electrograrms were recorded as unipolar leads at a sensitivity of 5 mV/cm. At a paper speed of 50 mm/sec, ST segments were measured 100 msec from the beginning of the QRS. The T-P segment was considered the isoelectric line, and the mean of five complexes was used as the value for each electrode site. Sites demonstrating conduction disturbances were excluded from analysis. Data Hemodynamic data were measured directly from the oscillographic records. Regression analyses were carried out using the least squares method and correlation coefficients. cardial specimen (fig. 4) . It is apparent that the correlation was not improved by relating the ST changes to infarction in the epicardial half of the myocardium.
Results

Hemodynamic Changes
ST-Segment Depression
ST depression greater than 1 mV occurred at seven sites 15 min after occlusion. Five of these sites had blood flow comparable to nonischemic regions and developed no infarction. Two sites had greater than 60% infarction and myocardial blood flow less than 33% of control. Nine sites had ST depression greater than 1 mV at 2 hours. Only two of these sites had greater than 25% infarction or myocardial Figure 5 demonstrates the relationship between epicardial ST changes and myocardial blood flow to the region in which the epicardial electrode was located. Blood flow to the ischemic region is expressed as the percent of flow to the nonischemic posterior regions. Both measurements were obtained simultaneously 15 min after coronary occlusion. In general, ST elevation greater than 2 mV did not occur unless myocardial blood flow was reduced to less than 50% of that to the nonischemic regions. The greatest degree of ST elevations occurred in the lowest flow regions. However, it is apparent that there is a wide range of ST elevation for a given flow value. Twenty-six of 66 electrode sites (39%) with blood flow less than 50% of that to nonischemic regions had less than 2 mV ST elevation. Regression analysis demonstrated a correlation coefficient of 0.57.
Two hours postcoronary occlusion, except for a single electrode site, ST elevation greater than 2 mV did not occur unless simultaneously measured blood flow was less than 50% of that of nonischemic regions ( fig. 6 ). However, as was noted at 15 min, there was a wide scatter of data points in the region in which blood flow was reduced to less than 50% of nonischemic area flow. Twenty-two of 54 electrode sites (41%) with blood flow less than 50% of blood flow to nonischemic regions had less than 2 mV ST elevation. Regression analysis demonstrated a correlation coefficient of 0.57. Epicardial ST changes at 15 min were compared to simultaneous measurements of blood flow in the outer half of the myocardial sample underlying the electrode. Figure 7 illustrates that the correlation between ST elevation and blood flow was not improved by using blood flow to the epicardial half of the myocardial region.
Although the summed ST segments decreased in 12 dogs and increased in one dog and blood flow to the ischemic region increased in 12 dogs and decreased in one dog, there was not a close correlation between changes in the two measurements (r = 0.52). There was also a poor correlation between the change in ST segments to individual electrode sites and changes in blood flow to the region of the electrode (r = 0.19).
Relationship between Myocardial Infarction and Myocardial Blood Flow
The relationship between extent of myocardial infarction at each electrode site and myocardial blood flow to the circumferential regions from which the specimens were taken is illustrated in figure 8 ST elevation recorded from chronically implanted subepicardial electrodes and CPK depletion at 24 hours. Ginks et al.,"1 however, did not observe a close correlation between epicardial ST elevation 15 min following occlusion of the left anterior descending coronary artery proximal to the apical branch and CPK depletion at 7 days (r = 0.66). In the present study there was not a close quantitative relationship between epicardial ST segment changes and the extent of myocardial infarction determined from histologic sections at 6 days (r = 0.59). Fifteen minutes following permanent occlusion, ST segments increased less than 2 mV in 29% and 27% of sites with greater than 50 and 80% histologic infarction, respectively. ST segments increased greater than 2 mV in 17% of the sites with 1% or less myocardial infarction. Similar changes were present 2 hours postocclusion.
Other reports have also pointed out certain limitations to using ST-segment changes as indices of myocardial injury. Kjekshus et al.12 reported that ST-segment changes were closely related to epicardial injury as measured by CPK depletion, but that ST-segment elevation frequently did not occur when the myocardial injury was limited to the endocardium. They concluded that the subendocardium was relatively "silent" with respect to elevation of epicardial ST segments. In the present study, the relationship between ST segment changes and infarction was not improved by limiting the analyses to infarction in the epicardial half of the biopsy.
Some investigators have observed considerable variability in the relationship between epicardial ST-segment changes and other indices of tissue injury. Karlsson et al. 13 observed that ST increase was associated with metabolic indices of ischemia but that there was no relationship between the magnitude of epicardial ST changes and intramyocardial metabolic changes. Angell et al. 18 noted that although myocardial oxygen tension was reduced at sites of ST elevation, regression analyses between the two measurements resulted in an average correlation coefficient of 0.66, indicating considerable variability in the relationship.
Cohen and Kirk,'4 using open-chest dogs, observed that ST elevations following occlusion of a distal coronary artery were reduced when the ischemia was increased by more proximal occlusion of the artery. Studies by Holland and Brooks" may explain this paradoxical reduction in ST segments as the ischemic region increased. These investigators examined the relationship between epicardial ST changes and the size and shape of the ischemic area. Mathematical predictions of ST changes based on the solid angle theorem conformed to measured ST-segment changes following coronary occlusion in closed-chest anesthetized pigs. These investigators concluded that ST changes were a complex function of size, shape, and transmural location of the ischemic area, and that epicardial ST-segment elevation is inversely related to the area of ischemia.
In the present study, the occluders were placed on the proximal left anterior descending coronary artery rather than a distal or side branch. The ischemic area would be expected to be larger in the present study than In the present study, myocardial necrosis was quantitated six days after infarction. The six-day period was used so that the infarcted myocardium would be sharply delineated from the intact myocardium, and thus easily quantitated by routine histologic stains. The extent of infarction was quantitated fromti serial step histologic section through the transmural specimiien. Early after acute infarction, histologic evidence of myocardial necrosis is still evolving and it is difficult to distinguish reversible and irreversible cellular injury on the basis of anatomical criteria."9 CPK depletion at 24 hours has been used in preference to histologic necrosis at 24 hours to estimate extent of myocardial infarction. 1 19 20 The use of CPK depletion to quantitate ischemic injury is based on studies carried out in anesthetized rabbits subjected to complete coronary occlusion in which grossly identified myocardial infarction 24 hours after occlusion was related to CPK depletion in homogenates of the entire heart. Regression analysis between enzyme depletion and gross histology demonstrated a correlation coefficient of 0.70.21 CPK depletion in the center of an ischemic area did not decrease to zero at 24 hours but remained approximately 20% of that in the nonischemic myocardium. Sobel et al. '9 20 have pointed out that following myocardial infarction a fraction of the myocardial CPK activity is degraded locally, a fraction is released into the blood, and an additional fraction remains in the heart as enzymatically active CPK. Using myocardial CPK depletion 24 hours after coronary occlusion as an index of infarction at that point is based on the data which indicate that each of CPK fractions is constant.
In the present study, there was not a close relationship between ST-segment changes and simultaneously measured regional myocardial blood flow. Although ST segments did not increase unless myocardial blood flow was reduced less than 50%, 39% of the site with less than 50% of controlled flow demonstrated less than 2 mV ST elevation. Thus in the present study significant ST elevation did not occur in many sites which demonstrated both reduced flow and subsequent infarction. The presence of reduced flow to the region which simultaneously did not demonstrate ST elevation indicates that extension of the infarction later in the course of the study would not explain the inconsistent relationship between ST elevation and subsequent myocardial infarction. Since ST-segment elevation was limited to the region in which blood flow was reduced 50% or greater, the presence of ST elevation reliably indicated ischemia, although this index of ischemia did not always predict myocardial infarction.
These results are comparable to the data reported by Smith Previous studies from this laboratory'7 have examined the relationship between regional myocardial blood flow measured at various intervals after coronary occlusion and extent of subsequent myocardial infarction. The entire left ventricle was sectioned into transverse rings, circumferential regions, and then into transmural layers. Blood flow and the extent of histologic infarction were then determined in each myocardial sample. There was an inverse relationship between blood flow and infarction which was a function of transmural position of the myocardial sample and the intervals after coronary occlusion that blood flow was determined. In the present study, the extent of infarction in the transmural specimen at each electrode site was related to myocardial blood flow in the circumferential region from which the specimen was taken. To conform to the technique used in previous studies," 4' 9 the myocardial specimens at the sites of the epicardial electrodes were limited to approximately 0.5 g specimens. Blood flow was not determined in these samples since validation of flow to such size segments at low flow states has not been established. Blood flow was measured in the larger myocardial segment from which the specimen was taken. Regression analyses between blood flow and infarction resulted in correlation coefficient of r = 0.83 at 15 min and 0.89 at 2 hours. Although there was significant scatter in data points, the correlation between blood flow to the region of the transmural specimen and extent of infarction in the specimen was considerably better than that between ST segments and infarction. It is likely that a certain degree of variability resulted from failure to account for transmural differences in the relationship between blood flow and infarction and failure to measure blood flow and infarction in the same sample.'7 The major objective of this study was to examine the relationship between epicardial ST changes and subjacent infarction using previously reported techniques, but using the extent of histologic necrosis rather than CPK depletion.
The precise region of tissue that influences the electrograms recorded from epicardial electrodes has not been established. To conform to previous studies, the extent 
